a9y United States
12y Patent Application Publication (o) Pub. No.: US 2012/0263619 Al

WOODFIELD et al.

US 20120263619A1

43) Pub. Date: Oct. 18, 2012

(54)

(75)

(73)

(21)
(22)

(63)

METHOD FOR PREPARING A METALLIC
ARTICLE HAVING AN OTHER ADDITIVE
CONSTITUENT, WITHOUT ANY MELTING

Inventors: Andrew Philip WOODFIELD,

Cincinnati, OH (US); Eric Allen
OTT, Cincinnati, OH (US);
Clifford Earl SHAMBLEN,
Cincinnati, OH (US); Michael
Francis Xavier GIGLIOTTI,
Scotia, NY (US)

GENERAL ELECTRIC
COMPANY, Schenectady, NY
(US)

Assignee:

Appl. No.: 13/523,941

Filed: Jun. 15, 2012

Related U.S. Application Data

Continuation of application No. 12/187,413, filed on
Aug. 7, 2008, now Pat. No. 8,216,508, which 1s a
continuation of application No. 10/847,599, filed on
May 17, 2004, now Pat. No. 7,416,697, which 1s a
continuation-in-part of application No. 10/172,217,
filed on Jun. 14, 2002, now Pat. No. 6,737,017, which
1s a confinuation-in-part of application No. 10/172,

218, filed on Jun. 14, 2002, now Pat. No. 7,329,381,
which 1s a continuation-in-part of application No.

10/329,143, filed on Dec. 23, 2002, now Pat. No.

7,037,463, which 1s a continuation-in-part of applica-
tion No. 10/350,968, filed on Jan. 22, 2003, now Pat.

No. 6,921,510, which 1s a continuation-in-part of
application No. 10/3771,743, filed on Feb. 19, 2003,

now Pat. No. 7,419,528.

Publication Classification

(51) Int.Cl.

B22F 1/00 (2006.01)

C22C 1/00 (2006.01)
(52) US.eCle oo 419/63; 75/392
(57) ABSTRACT

A method for preparing an article of a base metal alloyed with
an alloying element includes the steps of preparing a com-
pound mixture by the steps of providing a chemically reduc-
ible nonmetallic base-metal precursor compound of a base
metal, providing a chemically reducible nonmetallic alloy-
ing-clement precursor compound of an alloying element, and
thereafter mixing the base-metal precursor compound and the
alloying-element precursor compound to form a compound
mixture. The compound mixture i1s thereafter reduced to a
metallic alloy, without melting the metallic alloy. The step of
preparing or the step of chemically reducing includes the step
of adding an other additive constituent. The metallic alloy 1s
thereafter consolidated to produce a consolidated metallic
article, without melting the metallic alloy and without melt-
ing the consolidated metallic article.
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METHOD FOR PREPARING A METALLIC
ARTICLE HAVING AN OTHER ADDITIVE
CONSTITUENT, WITHOUT ANY MELTING

[0001] This application 1s a continuation of application Ser.

No. 12/187,413, filed Aug. 7, 2008, which 1s a continuation of
Ser. No. 10/847,599, filed May 17, 2004, for which priority 1s
claimed and whose disclosures are incorporated by reference.
Ser. No. 10/847,599 1s 1tself a continuation 1n part of appli-
cation Ser. No. 10/172,217, filed Jun. 14, 2002, for which
priority 1s claimed and whose disclosure 1s incorporated by
reference; a continuation in part of application Ser. No.
10/1°72,218, filed Jun. 14, 2002, for which priority 1s claimed
and whose disclosure 1s incorporated by reference; a continu-
ation 1n part of application Ser. No. 10/329,143, filed Dec. 23,
2002, for which prionty 1s claimed and whose disclosure 1s
incorporated by reference; a continuation in part of applica-
tion Ser. No. 10/350,968, filed Jan. 22, 2003 for which prior-
ity 1s claimed and whose disclosure 1s incorporated by refer-
ence; and a continuation 1 part of application Ser. No.
10/3°71,743, filed Feb. 19, 2003, for which priority 1s claimed
and whose disclosure 1s incorporated by reference.

[0002] This imnvention relates to the preparation of metallic-
alloy articles having an other additive constituent, without
melting of the metallic alloy.

BACKGROUND OF THE INVENTION

[0003] Metallic-alloy articles are prepared by any of a num-
ber of techniques, as may be appropnate for the nature of the
article. In one common approach, metal-containing ores are
refined to produce a molten metal, which 1s thereafter cast.
The ores of the metals are refined as necessary to remove or
reduce the amounts of undesirable minor elements. The com-
position of the refined metal may also be modified by the
addition of desirable alloying elements. These refining and
alloying steps may be performed during the imitial melting
process or after solidification and remelting. After a metal of
the desired composition 1s produced, 1t may be used 1n the
as-cast form for some alloy compositions (1.e., cast alloys), or
mechanically worked to form the metal to the desired shape
for other alloy compositions (1.e., wrought alloys). In either
case, further processing such as heat treating, machining,
surface coating, and the like may be utilized.

[0004] As applications of the metallic articles have become
more demanding and as metallurgical knowledge of the inter-
relations between composition, structure, processing, and
performance has improved, many modifications have been
incorporated into the basic fabrication processing. As each
performance limitation 1s overcome with improved process-
ing, further performance limitations become evident and
must be addressed. In some instances, performance limita-
tions may be readily overcome, and 1n other istances the
ability to overcome the limitations 1s hampered by fundamen-
tal physical laws associated with the fabrication processing,
and the inherent properties of the metals. Each potential
modification to the processing technology and 1ts resulting,
performance improvement 1s weighed against the cost of the
processing change, to determine whether it 1s economically
acceptable.

[0005] Incremental performance improvements resulting
from processing modifications are still possible 1n a number
of areas. However, the present inventors have recognized 1n
the work leading to the present invention that in other
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instances the basic fabrication approach imposes fundamen-
tal performance limitations that cannot be overcome at any
reasonable cost. They have recognized a need for a departure
from the conventional thinking in fabrication technology
which will overcome these fundamental limitations. The
present invention fulfills this need, and further provides
related advantages.

BRIEF SUMMARY OF THE INVENTION

[0006] The present invention provides a method for prepar-
ing an article made of an alloy of a metal such as titanium,
aluminum, iron, nickel, cobalt, 1ron-nickel, iron-nickel-co-
balt, and magnestum. The present approach circumvents
problems which cannot be avoided 1n melting practice or are
circumvented only with great difficulty and expense. The
present approach permits a umform alloy to be prepared
without subjecting the constituents to the circumstance which
leads to the problems, specifically the melting process. Unin-
tentional oxidation of the reactive metal and the alloying
clements 1s also avoided. The present approach permits the
preparation of articles with compositions that may not be
otherwise readily prepared 1in commercial quantities, includ-
ing those having other additive constituents and, optionally,
having thermophysically melt-incompatible alloying ele-
ments.

[0007] A method for preparing an article of a base metal
alloyed with an alloying element comprises the step of pre-
paring a precursor compound by the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound of a base metal. The method further includes thereafter
chemically reducing the precursor compound to a metallic
alloy, without melting the metallic alloy. The step of prepar-
ing or the step of chemically reducing includes the step of
adding an other additive constituent. The metallic alloy 1s
thereaiter consolidated to produce a consolidated metallic
article, without melting the metallic alloy and without melt-
ing the consolidated metallic article. The step of preparing
may optionally include the additional steps of providing a
chemically reducible nonmetallic alloying-element precursor
compound of an alloying element, and thereafter mixing the
base-metal precursor compound and the alloying-element
precursor compound to form a compound mixture. There may
be an additional step of reacting the other additive constituent.
[0008] The nonmetallic precursor compounds may be
solid, liquid, or gaseous. The chemical reduction 1s preferably
performed by solid-phase reduction, such as fused salt elec-
trolysis of the precursor compounds 1n a finely divided solid
form such as an oxide of the element; or by vapor-phase
reduction, such as contacting vapor-phase halides of the base
metal and the alloying element(s) with a liquid alkali metal or
a liquid alkaline earth metal. The final article preferably has
more titanium than any other element. The present approach
1s not limited to titanium-base alloys, however. Other alloys
of current 1nterest include aluminum-base alloys, iron-base
alloys, mickel-base alloys, 1ron-nickel-base alloys, cobalt-
base alloys, iron-nickel-cobalt-base alloys, and magnestum-
base alloys, but the approach 1s operable with any alloys for
which the nonmetallic precursor compounds are available
that can be reduced to the metallic state.

[0009] The “other additive constituent” 1s defined as an
clement, mixture of elements, or compound that makes up a
portion of the final alloy content and 1s introduced by a pro-
cess different from the reduction process used to form the
base metal. The other additive constituent may be dissolved
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into the matrix or may form discrete phases 1n the microstruc-
ture. The other additive constituent may be introduced by any
operable approach, and four approaches are of particular
interest. In a first approach, the step of preparing includes the
step of furnishing the other additive constituent as an element
or a compound and mixing the other additive constituent with
the precursor compounds, and wherein the precursor com-
pounds are reduced 1n the step of chemically reducing but the
clement or compound containing the other additive constitu-
ent 1s not reduced 1n the step of chemically reducing. In a
second approach, the step of chemically reducing includes the
step of mixing solid particles comprising the other additive
constituent with the metallic alloy. In a third approach, the
step of chemically reducing includes the step of depositing
the other additive constituent from a gaseous phase on a
surface of the metallic element or alloy, or on the surface of a
precursor compound. In a fourth approach, the step of chemi-
cally reducing includes the step of depositing from a liquid
phase the other additive constituent on a surface of the metal-
lic element or alloy, or on the surface of a precursor com-
pound. More than one other additive constituent may be intro-
duced mto the metal. One or more of the approaches for
introducing other additive constituents may be used 1n com-
bination. In some examples, the first approach may be prac-
ticed a single time to add one or more than one other additive
constituent; or the first approach may be practiced more than
one time to add more than one other additive constituent; or
the first approach may be practiced to add one or more other
additive constituents and the second approach may be prac-
ticed to add one or more other additive constituents.

[0010] The present approach for adding an other additive
constituent 1s compatible with the addition of thermophysi-
cally melt incompatible alloying elements. In the alloys, there
may be one or more thermophysically melt incompatible
clements, and one or more elements that are not thermophysi-
cally melt incompatible with the base metal.

[0011] Thus, 1n another embodiment, a method for prepar-
ing an article made of a base metal (such as those discussed
above) alloyed with an alloying element includes preparing a
compound mixture by the steps of providing a chemically
reducible nonmetallic base-metal precursor compound of the
base metal, providing a chemically reducible nonmetallic
alloying-element precursor compound of an alloying element
(that optionally 1s thermophysically melt incompatible with
the base metal), and thereafter mixing the base-metal precur-
sor compound and the alloying-element precursor compound
to form a compound mixture. The method further mcludes
chemically reducing the compound mixture to produce a
metallic alloy, without melting the metallic alloy. The step of
preparing or the step of chemically reducing includes the step
of adding an other additive constituent. The metallic alloy 1s
thereafter consolidated to produce a consolidated metallic
article, without melting the metallic alloy and without melt-
ing the consolidated metallic article. Other compatible fea-
tures described herein may be used with this embodiment.

[0012] Some additional processing steps may be included
in the present process. In some cases, it 1s preferred that the
precursor compound mixture be compacted, after the step of
mixing and before the step of chemical reduction. The result
1s a compacted mass which, when chemically reduced, pro-
duces a spongy metallic material. After the chemical reduc-
tion step, the metallic alloy 1s consolidated to produce a
consolidated metallic article, without melting the metallic
alloy and without melting the consolidated metallic article.
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This consolidation may be performed with any physical form
of the metallic alloy produced by the chemaical reduction, but
the approach 1s particularly advantageously applied to con-
solidating of the pre-compacted sponge. Consolidation 1s
preferably performed by hot pressing, hot 1sostatic pressing,
or extrusion, but without melting in each case. Solid state
diffusion of the alloying elements may also be used to achieve
the consolidation.

[0013] The consolidated metallic article may be used in the
as-consolidated form. In approprate circumstances, it may be
formed to other shapes using known forming techniques such
as rolling, forging, extrusion, and the like. It may also be
post-processed by known techniques such as machining, heat
treating, surface coating, and the like.

[0014] The present approach 1s used to prepare articles
from the precursor compounds, entirely without melting. As
a result, the characteristics of any alloying elements which
lead to problems during melting are avoided and cannot lead
to inhomogeneities or irregularities in the final metallic alloy.
The present approach thus produces the desired alloy com-
position of good quality, but without interference from melt-

related problems that otherwise would prevent the formation
of an acceptable alloy and microstructure.

[0015] The present approach differs from prior approaches
in that the metal 1s not melted on a gross scale. Melting and 1ts
associated processing such as casting are expensive and also
produce some undesirable microstructures that either are
unavoidable or can be altered only with additional expensive
processing modifications. The present approach reduces cost
and avoids structures and 1rregularities associated with melt-
ing and casting, to improve mechanical properties of the final
metallic article. It also results 1n some cases 1n an improved
ability to fabricate specialized shapes and forms more readily,
and to mspect those articles more readily. Additional benefits
are realized in relation to particular metallic alloy systems, for
example the reduction of the alpha case for susceptible tita-
nium alloys.

[0016] The preferred form of the present approach also has
the advantage of being based 1n a powder-form precursor.
Starting with a powder of the nonmetallic precursor com-
pounds avoids a cast structure with 1its associated irregulari-
ties such as elemental segregation on a nonequilibrium micro-
scopic and macroscopic level, a cast microstructure with a
range of grain sizes and morphologies that must be homog-
cnized 1n some manner for many applications, gas entrap-
ment, and contamination. The present approach produces a
uniform, fine-grained, homogeneous, pore-free, gas-pore-
free, and low-contamination final product.

[0017] Other features and advantages of the present mven-
tion will be apparent from the following more detailed
description of the preferred embodiment, taken 1n conjunc-
tion with the accompanying drawings, which illustrate, by
way of example, the principles of the invention. The scope of
the mvention 1s not, however, limited to this preferred
embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 1s a perspective view of a metallic article
prepared according to the present approach;

[0019] FIG. 2 1s a block flow diagram of an approach for
practicing the invention; and
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[0020] FIG. 3 15 a perspective view of a spongy mass of the
initial metallic material.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The present approach may be used to make a wide
variety ol metallic articles 20, such as a gas turbine compres-
sor blade 22 of FIG. 1. The compressor blade 22 includes an
airfoil 24, an attachment 26 that 1s used to attach the structure
to a compressor disk (not shown), and a platform 28 between
the airfoil 24 and the attachment 26. The compressor blade 22
1s only one example of the types of articles 20 that may be
fabricated by the present approach. Some other examples
include other gas turbine parts such as fan blades, fan disks,
compressor disks, turbine blades, turbine disks, bearings,
blisks, cases, and shaits, automobile parts, biomedical
articles, and structural members such as airframe parts. There
1s no known limitation on the types of articles that may be
made by this approach.

[0022] FIG. 2 1llustrates a preferred approach for preparing
an article of a base metal and an alloying element. The method
comprises providing a chemically reducible nonmetallic
base-metal precursor compound, step 40, and providing a
chemically reducible nonmetallic alloying-element precursor
compound, step 42. “Nonmetallic precursor compounds™ are
nonmetallic compounds of the metals that eventually consti-
tute the metallic article 20. Any operable nonmetallic precur-
sor compounds may be used. Reducible oxides of the metals
are the preferred nonmetallic precursor compounds 1n solid-
phase reduction, but other types of nonmetallic compounds
such as sulfides, carbides, halides, and nitrides are also oper-
able. Reducible halides of the metals are the preferred non-
metallic precursor compounds 1n vapor-phase reduction. The
base metal 1s a metal that 1s present 1n a greater percentage by
weight than any other element 1n the alloy. The base-metal
compound 1s present 1n an amount such that, after the chemi-
cal reduction to be described subsequently, there 1s more of
the base metal present in the metallic alloy than any other
clement. In the preferred case, the base metal 1s titanium, and
the base-metal compound 1s titanium oxide, T10,, (for solid-
phase reduction) or titanium tetrachloride (for vapor-phase
reduction). The alloying element may be any element that 1s
available 1n the chemically reducible form of the precursor
compound. A few 1illustrative examples are cadmium, zinc,
silver, 1ron, cobalt, chromium, bismuth, copper, tungsten,
tantalum, molybdenum, aluminum, niobium, nickel, manga-
nese, magnesium, lithium, beryllium, and the rare earths.
[0023] The nonmetallic precursor compounds are selected
to provide the necessary metals in the final metallic article,
and are mixed together 1n the proper proportions to yield the
necessary proportions of these metals 1n the metallic article.
These precursor compounds are furnished and mixed
together in the correct proportions such that the ratio of base
metal and alloying additions 1n the mixture of precursor com-
pounds 1s that required 1n the metallic alloy that forms the
final article.

[0024] The base-metal compound and the alloying com-
pound are finely divided solids or gaseous in form to ensure
that they are chemically reacted 1n the subsequent step. The
finely divided base-metal compound and alloying compound
may be, for example, powders, granules, tlakes, or the like.
The preferred maximum dimension of the finely divided form
1s about 100 micrometers, although 1t i1s preferred that the
maximum dimension be less than about 10 micrometers to
ensure good reactivity.
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[0025] Thepresent approach may be utilized in conjunction
with thermophysically melt incompatible alloys. “Thermo-
physical melt incompatibility” and related terms refer to the
basic concept that any 1dentified thermophysical property of
an alloying element 1s suificiently different from that of the
base metal, in the preferred case titanium, to cause detrimen-
tal effects in the melted final product. These detrimental
elfects include phenomena such as chemical inhomogeneity
(detrimental micro-segregation, macro-segregation such as
beta flecks, and gross segregation from vaporization or
immuiscibility), inclusions of the alloying elements (such as
high-density inclusions from elements such as tungsten, tan-
talum, molybdenum, and niobium), and the like. Thermo-
physical properties are 1ntrinsic to the elements, and combi-
nations of the elements which form alloys, and are typically
envisioned using equilibrium phase diagrams, vapor pressure
versus temperature curves, curves of densities as a function of
crystal structure and temperature, and similar approaches.
Although alloy systems may only approach predicted equi-
librium, these envisioning data provide information sufficient
to recognize and predict the cause of the detrimental effects as
thermophysical melt incompatibilities. However, the ability
to recognize and predict these detrimental effects as aresult of
the thermophysical melt incompatibility does not eliminate
them. The present approach provides a technique to minimize
and desirably avoid the detrimental effects by the elimination
of melting 1n the preparation and processing of the alloy.

[0026] Thus, a thermophysical melt incompatible alloying
clement or elements 1n the alloy to be produced do not form a
well mixed, homogeneous alloy with the base metal 1n a
production melting operation in a stable, controllable fashion.
In some nstances, a thermophysically melt mncompatible
alloying element cannot be readily incorporated into the alloy
at any compositional level, and 1n other instances the alloying
clement can be mcorporated at low levels but not at higher
levels. For example, iron does not behave 1n a thermophysi-
cally melt incompatible manner when introduced at low lev-
els 1 titanmium, typically up to about 0.3 weight percent, and
homogeneous titanium-iron-containing alloys of low 1ron
contents may be prepared. However, 11 1ron 1s introduced at
higher levels into titanium, 1t tends to segregate strongly in the
melt and thus behaves 1n a thermophysically melt incompat-
ible manner so that homogeneous alloys can only be prepared
with great difficulty. In other examples, when magnesium 1s
added to a titanium melt in vacuum, the magnesium 1immedi-
ately begins to vaporize due to 1ts low vapor pressure, and
therefore the melting cannot be accomplished 1n a stable
manner. Tungsten tends to segregate 1n a titanium melt due to
its density difference with titanium, making the formation of
a homogeneous titantum-tungsten alloy extremely difficult.

[0027] The thermophysical melt incompatibility of the
alloying element with a base metal may be any of several
types. Because titanium 1s the preferred base metal, some
illustrative examples for titanium are included in the follow-
ing discussion.

[0028] One such thermophysical melt incompatibility 1s 1n
the vapor pressure, as where the alloying element has an
evaporation rate of greater than about 100 times that of tita-
nium at a melt temperature, which 1s preferably a temperature
just above the liquidus temperature of the alloy. Examples of
such alloying elements 1n titanium include cadmium, zinc,
bismuth, magnesium, and silver. Where the vapor pressure of
the alloying element 1s too high, 1t will preferentially evapo-
rate, as indicated by the evaporation rate values, when co-
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melted with titanium under a vacuum in conventional melting
practice. An alloy will be formed, but it 1s not stable during
melting and continuously loses the alloying element so that
the percentage of the alloying element in the final alloy 1s
difficult to control. In the present approach, because there 1s
no vacuum melting, the high melt vapor pressure of the alloy-
ing element 1s not a concem.

[0029] Another such thermophysical melt incompatibility
occurs when the melting point of the alloying element 1s too
high or too low to be compatible with that of the base metal,
as where the alloying element has a melting point different
from (either greater than or less than) that of the base metal of
more than about 400° C. (720° F.). Examples of such alloying,
clements 1n titantum 1include tungsten, tantalum, molybde-
num, magnesium, and tin. If the melting point of the alloying
clement 1s too high, 1t 1s difficult to melt and homogenize the
alloying element into the titanium melt 1n conventional
vacuum melting practice. The segregation of such alloying
clements may result 1n the formation of high-density inclu-
sions containing that element, for example tungsten, tanta-
lum, or molybdenum 1inclusions. If the melting point of the
alloying element 1s too low, 1t will likely have an excessively
high vapor pressure at the temperature required to melt the
titanium. In the present approach, because there 1s no vacuum
melting, the overly high or low melting points are not a
concern.

[0030] Another such thermophysical melt incompatibility
occurs when the density of the alloying element 1s so different
from that of the base metal that the alloying element physi-
cally separates 1n the melt, as where the alloying element has
a density difference with the base metal of greater than about
0.5 gram per cubic centimeter. Examples of such alloying
clements 1n titantum include tungsten, tantalum, molybde-
num, niobium, and aluminum. In conventional melting prac-
tice, the overly high or low density leads to gravity-driven
segregation of the alloying element. In the present approach,
because there 1s no melting there can be no gravity-driven
segregation.

[0031] Another such thermophysical melt incompatibility
occurs when the alloying element chemically reacts with the
base metal 1n the liquid phase. Examples of such alloying
clements 1n titantum 1include oxygen, nitrogen, silicon, boron,
and beryllium. In conventional melting practice, the chemical
reactivity of the alloying element with the base metal leads to
the formation of mntermetallic compounds including the base
metal and the alloying element, and/or other deleterious
phases 1n the melt, which are retained after the melt 1s solidi-
fied. These phases often have adverse etlects on the properties
of the final alloy. In the present approach, because the metals
are not heated to the point where these reactions occur, the
compounds are not formed.

[0032] Another such thermophysical melt incompatibility
occurs when the alloying element exhibits a miscibility gap
with the base metal in the liquid phase. Examples of such
alloying elements 1n titanium include the rare earths such as
certum, gadolinium, lanthanum, and neodymium. In conven-
tional melting practice, a miscibility gap leads to a segrega-
tion of the melt 1nto the compositions defined by the misci-
bility gap. The result 1s inhomogeneities in the melt, which
are retained 1n the final solidified article. The inhomogene-
ities lead to vanations in properties throughout the final
article. In the present approach, because the elements are not
melted, the miscibility gap 1s not a concern.
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[0033] Another, more complex thermophysical melt
incompatibility mvolves the strong beta stabilizing elements
that exhibit large liquidus-to-solidus gaps when alloyed with
titammum. Some of these elements, such as iron, cobalt, and
chromium, typically exhibit eutectic (or near-eutectic) phase
reactions with titantum, and also usually exhibit a solid state-
cutectoid decomposition of the beta phase into alpha phase
plus a compound. Other such elements, such as bismuth and
copper, typically exhibit peritectic phase reactions with tita-
nium vielding beta phase from the liquid, and likewise usu-
ally exhibit a solid state eutectoid decomposition of the beta
phase into alpha phase plus a compound. Such elements
present extreme difficulties 1n achieving alloy homogeneity
during solidification from the melt. This results not only
because of normal solidification partitioning causing micro-
segregation, but also because melt process perturbations are
known to cause separation of the beta-stabilizing-element-
rich liquid during solidification to cause macro-segregation
regions typically called beta flecks.

[0034] Another thermophysical melt incompatibility 1s not
strictly related to the nature of the base metal, but 1nstead to
the crucibles or environment in which the base metal 1s
melted. Base metals may require the use of a particular cru-
cible material or melting atmosphere, and some potential
alloying elements may react with those crucible matenals or
melting atmospheres, and therefore not be candidates as
alloying elements for that particular base metal.

[0035] Another thermophysical melt 1ncompatibility
involves elements such as the alkali metals and alkali-earth
metals that have very limited solubility 1n base-metal alloys.
Examples 1n titanium include lithium and calctum. Finely
divided dispersions of these elements, for example beta cal-
cium 1n alpha titanium, may not be readily achieved using a
melt process.

[0036] These and other types of thermophysical melt
incompatibilities lead to ditficulty or impossibility in forming
acceptable alloys of these elements 1n conventional produc-
tion melting. Their adverse effects are avoided 1n the present
melt-less approach.

[0037] The base-metal compound and the alloying com-
pound are mixed to form a uniform, homogeneous compound
mixture, step 44. The mixing 1s performed by conventional
procedures used to mix powders 1n other applications, for
solid-phase reduction, or by the mixing of the vapors, for
vapor-phase reduction.

[0038] Optionally, for solid-phase reduction of solid pre-
cursor compound powders the compound mixture 1s com-
pacted to make a preform, step 46. This compaction 1s con-
ducted by cold or hot pressing of the finely divided
compounds, but not at such a high temperature that there 1s
any melting of the compounds. The compacted shape may be
sintered 1n the solid state to temporarily bind the particles
together. The compacting desirably forms a shape similar to,
but larger in dimensions than, the shape of the final article, or
intermediate product form.

[0039] The mixture of nonmetallic precursor compounds 1s
thereaiter chemically reduced by any operable techmique to
produce an 1nitial metallic material, without melting the 1ni-
t1al metallic maternial, step 48. As used herein, “without melt-
ing”’, “no melting”, and related concepts mean that the mate-
rial 1s not macroscopically or grossly melted, so that 1t
liqueties and loses its shape. There may be, for example, some
minor amount of localized melting as low-melting-point ele-

ments melt and are diffusionally alloyed with the higher-
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melting-point elements that do not melt. Even 1n such cases,
the gross shape of the material remains unchanged.

[0040] In one approach, termed solid-phase reduction
because the nonmetallic precursor compounds are furnished
as solids, the chemical reduction may be performed by fused
salt electrolysis. Fused salt electrolysis 1s a known technique
that 1s described, for example, in published patent application
WO 99/64638, whose disclosure 1s incorporated by reference
in 1ts entirety. Briefly, in fused salt electrolysis the mixture of
nonmetallic precursor compounds 1s immersed 1n an elec-
trolysis cell 1n a fused salt electrolyte such as a chloride salt at
a temperature below the melting temperatures of the metals
that form the nonmetallic precursor compounds. The mixture
ol nonmetallic precursor compounds 1s made the cathode of
the electrolysis cell, with an anode. The elements combined
with the metals 1n the nonmetallic precursor compounds, such
as oxygen 1n the preferred case of oxide nonmetallic precur-
sor compounds, are removed from the mixture by chemical
reduction (1.e., the reverse of chemical oxidation). The reac-
tion 1s performed at an elevated temperature to accelerate the
diffusion of the oxygen or other gas away from the cathode.
The cathodic potential 1s controlled to ensure that the reduc-
tion of the nonmetallic precursor compounds will occur,
rather than other possible chemical reactions such as the
decomposition of the molten salt. The electrolyte 1s a sallt,
preferably a salt that 1s more stable than the equivalent salt of
the metals being refined and 1deally very stable to remove the
oxygen or other gas to alow level. The chlornides and mixtures
of chlorides of barium, calcium, cesium, lithium, strontium,
and yttrium are preferred. The chemical reduction may be
carried to completion, so that the nonmetallic precursor com-
pounds are completely reduced. The chemical reduction may
instead be partial, such that some nonmetallic precursor com-
pounds remain.

[0041] In another approach, termed vapor-phase reduction
because the nonmetallic precursor compounds are furnished
as vapors or gaseous phase, the chemical reduction may be
performed by reducing mixtures of halides of the base metal
and the alloying elements using a liquid alkali metal or a
liquid alkaline earth metal. For example, titanium tetrachlo-
ride and the chlorides of the alloying elements are provided as
gases. A mixture ol these gases 1n appropriate amounts 1s
contacted to molten sodium, so that the metallic halides are
reduced to the metallic form. The metallic alloy 1s separated
from the sodium. This reduction 1s performed at temperatures
below the melting point of the metallic alloy. The approach 1s

described more fully 1n U.S. Pat. Nos. 5,779,761 and 5,938,
106, whose disclosures are incorporated by reference.

[0042] The physical form of the initial metallic material at
the completion of step 48 depends upon the physical form of
the mixture of nonmetallic precursor compounds at the begin-
ning of step 48. If the mixture of nonmetallic precursor com-
pounds 1s free-tlowing, finely divided particles, powders,
granules, pieces, or the like, the imitial metallic matenal 1s
also 1n the same form, except that i1t 1s smaller 1n size and
typically somewhat porous. If the mixture of nonmetallic
precursor compounds 1s a compressed mass of the finely
divided particles, powders, granules, pieces, or the like, then
the final physical form of the mitial metallic matenal 1s typi-
cally 1n the form of a somewhat porous metallic sponge 60, as
shown 1 FIG. 3. The external dimensions of the metallic
sponge are smaller than those of the compressed mass of the
nonmetallic precursor compound due to the removal of the
oxygen and/or other combined elements in the reduction step
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48. If the mixture of nonmetallic precursor compounds 1s a
vapor, then the final physical form of the initial metallic
material 1s typically fine powder that may be further pro-
cessed.

[0043] Some constituents, termed “other additive constitu-
ents”, may be difficult to introduce into the alloy. For
example, suitable nonmetallic precursor compounds of the
constituents may not be available, or the available nonmetal-
lic precursor compounds of the other additive constituents
may not be readily chemically reducible 1n a manner or at a
temperature consistent with the chemical reduction of the
other nonmetallic precursor compounds. It may be necessary
that such other additive constituents ultimately be present as
clements 1n solid solution 1n the alloy, as compounds formed
by reaction with other constituents of the alloy, or as already-
reacted, substantially inert compounds dispersed through the
alloy. These other additive constituents or precursors thereof
may be introduced from the gas, liquid, or solid phase, as may
be appropriate, using one of the four approaches subsequently
described or other operable approaches.

[0044] In a first approach, the other additive constituents
are Turnished as elements or compounds and are mixed with
the precursor compounds prior to or concurrently with the
step of chemically reducing. The mixture of precursor com-
pounds and other additive constituents 1s subjected to the
chemical reduction treatment of step 48, but only the precur-
sor compounds are actually reduced and the other additive
constituents are not reduced.

[0045] Inasecondapproach, the other additive constituents
in the form of solid particles are furnished but are not sub-
jected to the chemical reduction treatment used for the base
metal. Instead, they are mixed with the imitial metallic mate-
rial that results from the chemaical reduction step, but after the
step of chemically reducing 48 1s complete. This approach 1s
particularly effective when the step of chemically reducing 1s
performed on a flowing powder of the precursor compounds,
but it also may be performed using a pre-compacted mass of
the precursor compounds, resulting 1n a spongy mass of the
initial metallic material. The other additive constituents are
adhered to the surface of the powder or to the surface of, and
into the porosity of, the spongy mass. Solid particles may be
optionally reacted 1n one or more steps if they are precursors
to the other additive constituent.

[0046] Inathird approach, the precursor 1s first produced as
powder particles, or as a sponge by compacting the precursor
compounds of the metallic elements. The particles are, or the
sponge 1s, then chemically reduced. The other additive con-
stituent 1s thereafter produced at the surfaces (external and
internal, 11 the particles are spongelike) of the particles, or at
the external and internal surfaces of the sponge, from the
gaseous phase. In one technique, a gaseous precursor or
clemental form (e.g., methane, nitrogen, or borane gas) 1s
flowed over the surface of the particle or sponge to deposit the
compound or element onto the surface from the gas. The
maternal produced at the surtfaces may be optionally reacted in
one or more steps 1i they are precursors to the other additive
constituent. In an example, boron 1s supplied to a titanium
surface by tlowing borane over the surface, and 1n subsequent
processing the deposited boron 1s reacted to form titanium
diboride. The gas carrying the constituent of interest may be
supplied 1n any operable manner, such as from a commer-
cially available gas or by generating the gas such as by the
clectron beam vaporization of a ceramic or metal, or using a
plasma.
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[0047] A fourth approach 1s similar to the third approach,
except that the other additive constituent 1s deposited from a
liquid rather than from a gas. The precursor 1s first produced
as powder particles, or as a sponge by compacting the pre-
cursor compounds of the metallic elements. The particles are,
or the sponge 1s, then chemically reduced. The other additive
constituent 1s thereafter produced at the surfaces (external and
internal, 11 the particles are spongelike) of the particles, or at
the external and internal surfaces of the sponge, by deposition
from the liquid. In one technique, the particulate or sponge 1s
dipped 1nto a liquid solution of a precursor compound of the
other additive constituent to coat the surfaces of the particles
or the sponge. The precursor compound of the other additive
constituent 1s second chemically reacted to leave the other
additive constituent at the surfaces of the particles or at the
surfaces of the sponge. In an example, lanthanum may be
introduced 1nto a titantum-base alloy by coating the surfaces
of the reduced particles or sponge (produced from the precur-
sor compounds) with lanthanum chloride. The coated par-
ticles are, or the sponge 1s, thereafter heated and/or exposed to
vacuum to drive oif the chlorine, leaving lanthanum at the
surfaces of the particles or sponge. Optionally, the lantha-
num-coated particles or sponge may be oxidized to form a
fine lanthanum-oxygen dispersion, using oxygen irom the
environment or from solution 1n the metal, or the lanthanum-
coated particles or sponge may be reacted with another ele-
ment such as sulfur. In another approach, the constituent 1s
clectrochemically plated onto the particles or the sponge. In
yet another approach, the particles or sponge may be dipped
into a bath containing the other additive constituent, removed
from the bath, and any solvent or carrier evaporated to leave
a coating on the surface of the particle or sponge.

[0048] Whatever the reduction technique used 1n step 48
and however the other additive constituent 1s introduced, the
result 1s a mixture that comprises the alloy composition.
Methods for introducing other additive constituents may be
performed on precursors prior to the reduction of the base-
metal constituent, or on already-reduced material. The metal-
lic alloy may be free-flowing particles 1n some circumstances,
or have a sponge-like structure 1n other cases. The sponge-
like structure 1s produced in the solid-phase reduction
approach 11 the precursor compounds have first been com-
pacted together prior to the commencement of the actual
chemical reduction. The precursor compounds may be com-
pressed to form a compressed mass that 1s larger in dimen-
sions than a desired final metallic article.

[0049] The chemical composition of the imitial metallic
alloy 1s determined by the types and amounts of the metals 1n
the mixture of nonmetallic precursor compounds furnished in
steps 40 and 42, and by the other additive constituents that are
introduced 1n the processing. The relative proportions of the
metallic elements are determined by their respective ratios in
the mixture of step 44 (not by the respective ratios of the
compounds, but the respective ratios of the metallic element).
In a case of most interest, the mitial metallic alloy has more
titanium than any other element as the base metal, producing,
a titantum-base 1nitial metallic alloy. Other base metals of
interest include aluminum, iron, nickel, cobalt, iron-nickel,
iron-nickel-cobalt, and magnesium.

[0050] Themitial metallic alloy 1s typically 1n a form that is
not structurally useful for most applications. Accordingly and
preferably, the imtial metallic alloy 1s thereatter consolidated
to produce a consolidated metallic article, without melting the
initial metallic alloy and without melting the consolidated
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metallic article, step 50. The consolidation removes porosity
from the mitial metallic alloy, desirably increasing 1ts relative
density to or near 100 percent. Any operable type of consoli-
dation may be used. It 1s preferred that the consolidation be
performed without a binder, which 1s an organic or inorganic
material mixed with the powder to aid 1n adhering the powder
particles to each other during the consolidation processing.
The binder may leave an undesirable residue in the final
structure, and its use 1s therefore preferably avoided.

[0051] Preferably, the consolidation 50 1s performed by hot
1sostatic pressing the initial metallic alloy under appropriate
conditions of temperature and pressure, but at a temperature
less than the melting points of the iitial metallic alloy and the
consolidated metallic article (which melting points are typi-
cally the same or very close together). Pressing, solid-state
sintering, and canned extrusion may also be used, particularly
where the initial metallic alloy 1s 1n the form of a powder. The
consolidation reduces the external dimensions of the mass of
initial metallic alloy, but such reduction 1n dimensions are
predictable with experience for particular compositions. The
consolidation processing 50 may also be used to achieve
turther alloying of the metallic article. For example, the can
used 1n hot 1sostatic pressing may not be evacuated so that
there 1s a residual oxygen and nitrogen content, or a carbon-
containing gas could be introduced nto the can. Upon heating
for the hot 1sostatic pressing, the residual oxygen, nitrogen,
and/or carbon diffuses 1nto and alloys with the titanium-base
alloy.

[0052] The consolidated metallic article, such as that
shown 1n FIG. 1, may be used in its as-consolidated form.
Instead, 1n approprate cases the consolidated metallic article
may optionally be post processed, step 32. The post process-
ing may include forming by any operable metallic forming
process, as by forging, extrusion, rolling, and the like. Some
metallic compositions are amenable to such forming opera-
tions, and others are not. The consolidated metallic article
may also or mstead be optionally post-processed by other
conventional metal processing techniques in step 52. Such
post-processing may include, for example, heat treating, sur-
face coating, machining, and the like.

[0053] The metallic material 1s never heated above 1ts melt-
ing point. Additionally, 1t may be maintained below specific
temperatures that are themselves below the melting point. For
example, when an alpha-beta titantum-base alloy 1s heated
above the beta transus temperature, beta phase 1s formed. he
beta phase transforms to alpha phase when the alloy 1s cooled
below the beta transus temperature. For some applications, 1t
1s desirable that the metallic alloy not be heated to a tempera-
ture above the beta transus temperature. In this case care 1s
taken that the alloy sponge or other metallic form 1s not heated
above 1ts beta transus temperature at any point during the
processing. The result 1s a fine microstructure that 1s free of
alpha-phase colonies and may be made superplastic more
readily than a coarse microstructure. Because of the fine
particle size resulting from this processing, less work 1s
required to reach a fine structure 1n the final article, leading to
a lower-cost product. Subsequent manufacturing operations
are simplified because of the lower tlow stress of the matenal,
so that smaller, lower-cost forging presses and other metal-
working machinery may be employed, and their 1s less wear
on the machinery.

[0054] In other cases such as some airframe components
and structures, 1t 1s desirable to heat the alloy above the beta
transus and into the beta phase range, so that beta phase 1s
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produced and the toughness of the final product 1s improved.
In this case, the metallic alloy may be heated to temperatures
above the beta transus temperature during the processing, but
in any case not above the melting point of the alloy. When the
article heated above the beta transus temperature 1s cooled
again to temperatures below the beta transus temperature, a
fine colony structure 1s formed that can make ultrasonic
inspection of the article more difficult. In that case, it may be
desirable for the article to be fabricated and ultrasomically
ispected at low temperatures, without having been heated to
temperatures above the beta transus temperature, so that 1t 1s
in a colony free state. After completion of the ultrasonic
inspection to verily that the article 1s 1rregularity-free, it may
then be heat treated at a temperature above the beta transus
temperature and cooled. The final article 1s less inspectable
than the article which has not been heated above the beta

transus, but the absence of irregularities has already been
established.

[0055] The microstructural type, morphology, and scale of
the article 1s determined by the starting materials and the
processing. The grains of the articles produced by the present
approach generally correspond to the morphology and size of
the powder particles of the starting materials, when the solid-
phase reduction techmque 1s used. Thus, a 5-micrometer pre-
cursor particle size produces a final grain size on the order of
about 5 micrometers. It 1s preferred for most applications that
the grain size be less than about 10 micrometers, although the
grain size may be as high as 100 micrometers or larger. As
discussed earlier, the present approach applied to titanium-
base alloys avoids a coarse alpha-colony structure resulting,
from transformed coarse beta grains, which, in conventional
melt-based processing, 1s produced when the melt cools nto
the beta region of the phase diagram. In the present approach,
the metal 1s never melted and cooled from the melt into the
beta region, so that the coarse beta grains never occur. Beta
grains may be produced during subsequent processing as
described above, but they are produced at lower temperatures
than the melting point and are therefore much finer than are
beta grains resulting from cooling from the melt in conven-
tional practice. In conventional melt-based practice, subse-
quent metalworking processes are designed to break up and
globularize the coarse alpha structure associated with the
colony structure. Such processing 1s not required in the
present approach because the structure as produced is fine and
does not comprise alpha plates.

[0056] The present approach processes the mixture of non-
metallic precursor compounds to a finished metallic form
without the metal of the finished metallic form ever being
heated above 1ts melting point. Consequently, the process
avolds the costs associated with melting operations, such as
controlled-atmosphere or vacuum furnace costs in the case of
titanium-base alloys. The microstructures associated with
melting, typically large-grained structures and casting 1rregu-
larities, are not found. Without such irregularities, the articles
may be made lighter 1n weight because extra material intro-
duced to compensate for the irregularities may be eliminated.
The greater confidence 1n the irregularity-free state of the
article, achieved with the better nspectability discussed
above, also leads to a reduction in the extra material that must
otherwise be present. In the case of susceptible titamum-base
alloys, the mcidence of alpha case formation 1s also reduced
or avoided, because of the reducing environment. Mechanical
properties such as static strength and fatigue strength are
improved.
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[0057] Although a particular embodiment of the invention
has been described 1n detail for purposes of 1llustration, vari-
ous modifications and enhancements may be made without
departing from the spirit and scope of the invention. Accord-
ingly, the mvention 1s not to be limited except as by the
appended claims.

What 1s claimed 1s:

1. A method for preparing an article of a base metal alloyed
with an alloying element, comprising the steps of

preparing a precursor compound by the step of

providing a chemically reducible nonmetallic base-
metal precursor compound of a base metal;

providing a chemically reducible nonmetallic alloying-
clement precursor compound of an alloying element,
and thereatter

mixing the base-metal precursor compound and the
alloying-element precursor compound to form a com-
pound mixture; thereafter

chemically reducing the precursor compound to form a

metallic alloy, without melting the metallic alloy,
wherein the step of preparing or the step of chemically
reducing includes the step of adding an other additive
constituent; and thereafter

consolidating the metallic alloy to produce a consolidated

metallic article, without melting the metallic alloy and

without melting the consolidated metallic article,

wherein the step of chemically reducing includes a step

selected from group consisting of

mixing solid particles comprising the other additive con-
stituent with the metallic alloy,

depositing from a gaseous phase the other additive con-
stituent on a surface of the metallic alloy, and

depositing from a liquid phase the other additive con-
stituent on a surface of the metallic alloy,

wherein the other additive constituent 1s an element, mix-

ture of elements, or compound that makes up a portion of
the final alloy content of the metallic alloy and 1s 1ntro-
duced by a process different from the reduction process
used to form the base metal.

2. The method of claim 1, including an additional step of

reacting the other additive constituent.

3. The method of claim 1, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound of a base metal includes the step of

selecting the base metal as titantum, aluminum, 1ron,

nickel, cobalt, iron-nickel, 1iron-nickel-cobalt, or mag-
nesium.

4. The method of claim 1, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound of a base metal includes the step of

selecting the base metal as titanium.

5. The method of claim 1, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound 1ncludes the step of

providing a chemically reducible base-metal oxide.

6. The method of claim 1, wherein the step of providing the
chemically reducible nonmetallic alloying-element precursor
compound of the alloying element includes the step of

providing a chemically reducible alloying-element oxide.

7. The method of claim 1, wherein the step of chemically
reducing includes a step selected from the group consisting
of:

chemically reducing the compound mixture by solid-phase

reduction,
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chemically reducing the compound mixture by fused salt
clectrolysis, and
chemically reducing the compound mixture by vapor-
phase reduction.
8. The method of claim 1, wherein the step of chemically
reducing to form a metallic alloy comprises forming metallic
alloy particles.

9. A method for preparing an article of a base metal alloyed
with an alloying element, comprising the steps of

preparing a precursor compound by the step of

providing a chemically reducible nonmetallic base-
metal precursor compound of a base metal;
providing a chemically reducible nonmetallic alloying-
clement precursor compound of an alloying element,
and thereafter
mixing the base-metal precursor compound and the
alloying-element precursor compound to form a com-
pound mixture; thereaiter
chemically reducing the precursor compound to form a
metallic alloy, without melting the metallic alloy,

wherein an other additive constituent 1s added during the
step of preparing or the step of chemically reducing and
wherein the other additive constituent 1s an element,
mixture of elements, or compound that makes up a por-
tion of the final alloy content of the metallic alloy that 1s
not itself reduced during the step of chemically reducing
the precursor compound.

10. The method of claim 9, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound of a base metal includes the step of

selecting the base metal as titanium, aluminum, iron,

nickel, cobalt, irron-nickel, iron-nickel-cobalt, or mag-
nesium.

11. The method of claim 9, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound of a base metal includes the step of

selecting the base metal as titanium.

12. The method of claim 9, wherein the step of providing a
chemically reducible nonmetallic base-metal precursor com-
pound includes the step of

providing a chemically reducible base-metal oxide.

13. The method of claim 9, wherein the step of providing
the chemically reducible nonmetallic alloying-element pre-

cursor compound of the alloying element includes the step of

providing a chemically reducible alloying-element oxide.

14. A method for preparing an article of a base metal
alloyed with an alloying element, comprising the steps of

preparing a precursor compound by the step of

providing a chemically reducible nonmetallic base-
metal precursor compound of a base metal;

providing a chemically reducible nonmetallic alloying-
clement precursor compound of an alloying element,
and thereafter

mixing the base-metal precursor compound and the
alloying-element precursor compound to form a com-
pound mixture; thereafter

chemically reducing the precursor compound by solid-
phase reduction to form a metallic alloy, without melting
the metallic alloy, wherein the step of preparing or the
step of chemically reducing includes the step of adding
an other additive constituent; and thereafter
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consolidating the metallic alloy to produce a consolidated
metallic article, without melting the metallic alloy and
without melting the consolidated metallic article, and

wherein the step of chemically reducing includes a step

selected from group consisting of
mixing solid particles comprising the other additive con-
stituent with the metallic alloy,
depositing from a gaseous phase the other additive con-
stituent on a surface of the metallic alloy, and
depositing from a liquid phase the other additive con-
stituent on a surface of the metallic alloy.
15. The method of claim 14, wherein the step of providing
a chemically reducible nonmetallic base-metal precursor
compound of a base metal includes the step of
selecting the base metal as titantum, aluminum, 1ron,
nickel, cobalt, iron-nickel, 1iron-nickel-cobalt, or mag-
nesium.
16. The method of claim 14, wherein the step of providing
a chemically reducible nonmetallic base-metal precursor
compound of a base metal includes the step of
selecting the base metal as titanium.
17. A method for preparing an article of a base metal
alloyed with an alloying element, comprising the steps of
preparing a precursor compound by the step of
providing a chemically reducible nonmetallic base-
metal precursor compound of a base metal;
providing a chemically reducible nonmetallic alloying-
clement precursor compound of an alloying element,
and thereafter
mixing the base-metal precursor compound and the

alloying-element precursor compound to form a com-
pound mixture; thereatfter

chemically reducing the precursor compound by vapor

phase reduction to form a metallic alloy, without melting
the metallic alloy, wherein the step of preparing or the
step of chemically reducing includes the step of adding
an other additive constituent; and thereafter
consolidating the metallic alloy to produce a consolidated
metallic article, without melting the metallic alloy and
without melting the consolidated metallic article, and
wherein the step of chemically reducing includes a step
selected from group consisting of
mixing solid particles comprising the other additive con-
stituent with the metallic alloy,
depositing from a gaseous phase the other additive con-
stituent on a surface of the metallic alloy, and
depositing from a liquid phase the other additive con-
stituent on a surface of the metallic alloy.

18. The method of claim 17, wherein the step of providing
a chemically reducible nonmetallic base-metal precursor
compound of a base metal includes the step of

selecting the base metal as titanium, aluminum, iron,

nickel, cobalt, iron-nickel, 1iron-nickel-cobalt, or mag-
nesium.

19. The method of claim 17, wherein the step of providing
a chemically reducible nonmetallic base-metal precursor
compound of a base metal includes the step of

selecting the base metal as titanium.

20. The method of claim 17, wherein the step of providing,
the chemically reducible nonmetallic alloying-element pre-
cursor compound of the alloying element includes the step of
providing a chemically reducible alloying-element halide.
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